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We investigate the early stages of Pt nano-cluster formation on SrTiO; (001) and
the emergence of the Schottky barrier at the interface as a function of sub-
monolayer Pt coverage using density function theory. We find that there is a critical
coverage of 3/8 monolayer (ML), below which the Pt—oxide interaction is dominant,
leading to an ordered reconstructed surface with local Pt(II) oxide structures.
Beyond the critical coverage of 3/8 ML, the system undergoes a crossover when
the Pt-Pt interaction becomes dominant, starting to develop a closed-pack
hexagonal Pt nano-clusters. We show that cluster-induced gap states emerge along
with the crossover and pin the Fermi level at 1.3 eV above the valence band edge,
thus playing a critical role in determining the Schottky barrier height of the
Pt/SrTiO; (001) interface.

I INTRODUCTION

Noble metal nano-clusters on oxide substrates attracted a significant amount of attention for their
interesting electronic and structural properties [1-4] as well as their critical roles in technological
applications such as photo-catalysis [5-7]. SrTiO; (STO) has been identified as a photo-catalyst
for hydrogen production using water splitting under zero bias [8-11]. The band gap of STO is 3.2
eV (UV-active) and the conduction band minimum is positioned about 4.0 eV below the vacuum
level, matching to the redox properties of water molecules [12]. However, the overall quantum

efficiency is low and a number of limiting factors have been intensively discussed in the
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literature [12,13]. In particular, a major challenge is to decrease the electron-hole recombination
rate after they are created under a light irradiation. A possible solution to this problem is
designing a suitable heterogeneous catalyst to separate electrons and holes at the interface. Noble
metals, such as Pt, are frequently loaded on titania as a co-catalyst to boost the catalytic activity
of titania [8,14-18]. The enhanced catalytic activity has been in part attributed to the fact that Pt
on STO forms a Schottky barrier [19-24] and the rectifying behavior of the Schottky barrier may
allow Pt nano-clusters on the oxide surface to trap electrons, which could effectively reduce the
oxidants in a photocatalytic process [12,25]. However, while the interfacial electronic structure
seems to play an important role in boosting the photocatalytic activity of Pt nano-clusters/STO,

the formation of the interface and the Schottky barrier is not well understood.

In this paper, we use density functional theory (DFT) to investigate the early stages of Schottky
barrier formation occurring in sub-monolayer Pt on the SrTiO; (001) surface. A crucial step for
understanding the Schottky barrier of a metal-oxide system is to identify the character of the
interface states responsible for charge transfer and thus the formation of a dipole layer at the
interface [23,26]. Interestingly, previous photoemission studies on the Pt-STO system as a
function of Pt coverage indicated that the Schottky barrier formation is a rather continuous
process [19-22], meaning that Pt-related interface states appear at the Fermi level and evolve
even at a sub-monolayer coverage of Pt, and a sharp metallic feature at the Fermi level settles in
at around the full monolayer coverage. It is worth noting that a similar continuous process of
barrier formation has been explored in a number of sub-monolayer metal/semiconductor
interfaces experimentally [27,28] and theoretically [29,30]. The character of the interface-

induced gap states mediating interfacial charge transfer could be largely dependent on the



dominant interaction at the interface, and thus interfacial morphology. A limiting case is when a
metallic over-layer wets an oxide surface, and a metal-oxygen interaction dominates the
electronic and chemical interactions at the interface. In this case, charge transfer and thus the
Schottky barrier at the interface, can be mainly determined by considering the metal-oxygen
chemical bonds [31]. An opposite limiting case is when metal-metal interactions dominate and
metal-oxide interactions are relatively weak or negligible. Then, in the case of Pt, it is natural to
consider a formation of metallic fcc nanocrystals on the surface. The Fermi level of the metallic

d-band would be pinned by the charge neutrality level of the oxide [24, 32].

Several DFT calculations have been performed to address the interface and Schottky barrier
formation at the Pt/STO(001) interface [23,33-35]. Asthagiri and Sholl explored the favored
arrangement of a Pt(001) monolayer on TiO,-terminated STO(001) and found that Pt(001)
prefers to absorb on top of the oxygen sites, suggesting a coherent epitaxial Pt/STO(001)
interface up to 5 Pt monolayers [33]. Mrovec ef al. adopted the Pt/STO(001) structure suggested
by Asthagiri and Sholl and calculated its p-type Schottky barrier to be 1.8 eV [23]. We note,
however, that the (001) orientation of a Pt overlayer, which was the main assumption in the
previous studies [23,33] may not be the most likely structure of Pt on STO(001), and a
disordered (111)-type Pt overlayer is more likely to occur based on our recent results [34,35]. It
is also worth mentioning that researchers found interesting kinetics of Pt sub-monolayer on a
number of different oxide surfaces such as TiO, [36-38]. Therefore, a detailed study on the
structural property and its effect on the emergence of in-gap states in a sub-monolayer of Pt on
STO may provide a deeper understanding of the Schottky barrier formation of dispersed Pt nano-

particles on STO.



For the Pt/STO (001) system, Christensen et al., reported interesting hierarchical nanoparticle
morphology [39], where Pt at around one monolayer coverage aggregated to well-dispersed
nanoparticles, but without coalescence [39]. It is intriguing, because thermodynamically, Pt
would prefer to completely coalesce to minimize the Pt surface area, as the surface energy of Pt
is much higher than that of STO (001) [34,35]. It was argued that there might be some
mechanisms, which kinetically hinder the thermodynamic forces through a chemical state of Pt
or a physical barrier at a low Pt coverage [39]. This hierarchical Pt nanoparticle morphology is
certainly beneficial to photocatalytic applications, because the system could maintain a high
surface-to-volume ratio. On the other hand, a subtle competition between Pt-Pt interaction and
Pt-surface interaction might exist at a low coverage of Pt. Using atomic layer deposition (ALD)
and X-ray absorption spectroscopy (XAS), Christensen et al. have observed an evolution from
Pt(Il) oxide to metallic Pt and an increase in Pt-Pt bonding with a decrease in Pt-O bonding in

the early stages of sub-monolayer Pt deposition [40].

To elucidate the subtle interplay between the Pt-Pt and Pt-STO interactions and its consequence
on the Schottky barrier formation in the sub-monolayer Pt/STO system, we theoretically
investigate the early stages of Pt growth on TiO,-terminated STO (001) and the emergence of in-
gap states in the sub-monolayer Pt on that surface. The paper is organized as follows. In section
II, we summarize our computational methods. We present our main results in section III, in
which we discuss about the behavior of Pt monomer, dimer and trimer on the TiO,-terminated

STO(001) surface. In section IV, we summarize our main conclusions and discuss about the



possible connections between our theoretical results and the existing experimental results in the

literature.
11. COMPUTATIONAL DETAILS

We use density functional theory within the local density approximation as implemented in the
VASP code [41]. The exchange-correlation functional is approximated using the
parameterization of Ceperley-Alder data by Perdew and Zunger [42]. We employ projector
augmented wave pseudopotentials to describe Sr, Ti, O, and Pt [43] and cutoff energy of 600 eV
is used. Valence electron configurations for the elements are 4sz4p65s2 for Sr, 3d*4s” for Ti,
2572p* for O, and 54°6s' for Pt. Each self-consistent electronic calculation is converged within
10 eV/cell and the ionic relaxation is performed until the forces are less than 0.01 eV/A. We
use a supercell method to investigate the interaction between sub-monolayer Pt and STO (001).
We model the TiO,-terminated STO(001) surface using a 4 unit-cell thick STO slab with a 2x2
surface cell (lateral dimension of 7.75 A x 7.75 A). The STO (001) slab in the supercell is
separated by 16 A thick vacuum space from its next nearest periodic images to avoid a spurious
slab-slab interaction. For the ionic relaxation, we use a 4x4x1 k-point grid. For selected
configurations of 1/8 and 1/4 monolayer (ML) coverage of Pt on STO, we check that the main
results remain unchanged as we change the cutoff energy and the k-point grid to 700 eV and
6x6%2, respectively. For the density of state (DOS) and total energy calculation, we use the
6x6%2 k-point grid. To satisfy the periodic boundary condition along the c-direction, the bottom
STO surface is reconstructed in the same way as the top STO surface is. In other words, there is
a mirror plane at the center of each supercell and this is also essential to properly describe the

interfacial electronic structure.



III. RESULTS

1. Potential energy surface for one Pt atom on STO (001)

We start our investigation by considering 1/8 ML coverage of Pt on the STO surface. This
corresponds to one Pt on the 2x2 surface. Pt-Pt bond length in the Pt bulk is 2.763A in our theory.
Therefore the (2x2) surface is large enough, allowing us to consider the Pt ad-atom as a separate
entity on the surface. We calculate the potential energy surface (PES) for one Pt ad-atom and it is

shown in Fig. 1 (a).

From the PES in Fig. 1 (a), we note that Pt can be bound by surface O while Ti repels it. We also
see that the O sites provide relatively shallow local minima, but Pt feels much stronger and
deeper potential at the hollow site where Pt is maximally coordinated by four oxygen atoms on
the surface. The energy barrier from the hollow site to the nearest O site is calculated to be 2.04
eV, while the barrier between the nearest neighboring O sites is 0.46 eV. To estimate the time

—E/kgT . .
&, where 7 1s a time

scale for Pt diffusion, we use the Arrhenius formula for kinetics, 1/7=ve
interval between Pt hopping, E is the energy barrier for hopping, and o is an attempt frequency
[44]. Assuming v ~ 10'? sec'[45], the time scales for hopping at room temperature are on the
order of microseconds and 10°* seconds for the case of the O site to the O site and that of the

hollow site to the O site, respectively. Therefore, a Pt ad-atom is highly mobile on the most of

the STO (001) surface area, but if Pt is trapped at the hollow site, it cannot escape by itself.

Interestingly, Pt captured at the hollow site not only maximizes the coordination number by O,
but also sinks down into the surface as shown in Fig. 1(b), forming PtO-like local oxide structure

in a square-planar geometry [40,46-48]. In Fig. 1 (c), we plot the projected density of states of



the surface TiO; layer with adsorbed Pt. It is clearly seen that 5-fold degenerate atomic d states
of Pt split and resonate in energy with surface O 2p states due to the bonding interaction. In Fig.
2, we show some of these bonding and anti-bonding orbitals. We find the Pt-O bond length to be
2.01 A that is close to 2.04 A of the PtO bulk [46,47] and to 1.98 A of PtO formed on the
STO(001) surface [40]. We calculate the amount of charge transfer from Pt to O using the Bader
charge analysis [49,50], to be 0.83¢ that is also close to 0.86e in bulk PtO [48] In the presence of
the PtO structure, the surface stoichiometry is PtTi4Os. Assuming the nominal oxidation state of
2+ for Pt in PtO, Ti on the reconstructed surface would have the oxidation state of 3.5+. This
feature gives rise to a metallic surface due to the partial occupation of the bottom of the
conduction band originating from the Ti 3d #,,* states, as shown in Fig. 1 (c). We will call this

surface PtTi4Og5 or PTO for the rest of this paper.

2. Pt clusters

Next, we consider the interaction between additional Pt atoms on the reconstructed PTO surface.
We first check that if there is a Pt dimer on the clean STO (001) surface, it is energetically
favorable to break the dimer bond and form the two local PtO structures separated by a hollow
site. In Fig. 3 we plot the PES for a second incoming Pt on the PTO surface. A noticeable feature
is that the nearest neighbor hollow sites of a PtO structure do not bind the second Pt atom. It
means that at the Pt coverage of 1/8 ML the TiO, surface is fully saturated by the local PtO
structures. It is also interesting that the PtO structures provide large kinetic barriers for the Pt
diffusion. In addition to the enormous barrier around the hollow site trapping a Pt atom, crossing
the barrier present between the local PtO structures requires 390 meV as shown in Fig. 3. In
addition, we remark that now the Ti sites are able to bind Pt, which was not possible on the clean

STO(001) surface as shown in Fig. 1(a). The Pt-Ti binding is a metallic bond and it is possible as
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Ti in the PTO surface have partial electron occupation (see Fig. 1 (c¢)). Setting the binding energy
of Pt on the O site to be 0.0 meV, the binding energy of Pt on the Ti site is only 6 meV higher in
energy and the diffusion barrier between the O and Ti sites are calculated to be 78 meV as shown

in Fig. 3.

To find the lowest energy Pt nanostructure at the coverage of 3/8 ML, we consider 25 different
initial configurations of Pt based on the low energy structures from the 2/8 ML Pt configurations.
We first consider all possible configurations of dispersed Pt atoms adsorbed on top of the O and
Ti sites that are identified as the binding sites of the PES in Fig. 3. However, there is always 3~5
eV energy gain when Pt dimerizes in the square potential well shown in Fig. 3. We show the
lowest energy Pt dimer structure on the PTO surface in Fig. 4 (a). The Pt-Pt bond length is
calculated to be 2.47 A that agrees with a theoretical bond length of Pt dimer of about 2.4 A in a
gas phase [51]. Next, we consider Pt trimer on the clean TiO, surface and the lowest energy
structure is shown in Fig. 4 (b). Interestingly, there is an energy gain of 150 meV, compared to
that in the Fig. 4 (a). We also check that if the Pt dimer in Fig. 4 (a) is brought on top of the PtO
structure, then subsequent structural relaxation destabilizes the PtO structure and a Pt trimer is
formed on the surface. We note that Pt; no longer follows the surface symmetry as shown in Fig.
4 (b). Instead, it has a triangular structure, which is a motif of a closed-pack hexagonal structure
of the Pt (111) layer. We calculate the bond lengths and angles to be varying from 2.47 to 2.55
and from 59 to 62 degrees, respectively, that closely follows the Pt trimer structure in a gas phase
[51]. The trimer structure is also not planar on the surface because the Ti site now tends to repel

Pt on top of'it.



In Fig. 5 (a) and (b), we show atom-projected density of states calculated using the structures
shown in Fig. 4 (a) and (b), respectively. We note that structural transition from the dimer in Fig.
4 (a) to the trimer structure in Fig. 4 (b) is driven by the stronger metallic Pt-Pt interaction in the
Pt trimer [51] than the Pt-oxide interaction mediated by the surface oxygen. Comparing Fig. 5 (a)
and (b), we observe that the structural transition creates a significant number of states near the
Fermi level in the band gap of STO. Our results show that interface-induced states in the STO
gap start to appear even at the sub-monolayer Pt coverage and metallicity in the Pt nano-clusters
also start to develop as manifested by the appearance of the large metallic d-band-like DOS
below the Fermi level. By considering the pDOS of the middle STO layer of the cell (not shown),
we find that the Fermi level is pinned at 1.3 eV above the STO valence band top, which is the
same as the charge neutrality of STO calculated by Demkov et al. using the complex band
structure of STO [32]. We will further show that the Fermi level of a full monolayer Pt — STO
(001) structure is also pinned at 1.3 eV above the STO valence band top. The Fermi level
pinning for the Pt; trimer is intriguing because the Pt; trimer is not truly metallic with a full
metallic d-band by itself. The minimum distance between the Pt trimer and it nearest neighbor
image trimer in Fig. 4 (b) is 5.3 A, meaning that the direct Pt trimer — trimer interaction is
negligible. So, technically speaking, they are cluster-induced gap states. It is also very interesting
to see that the states near the Fermi level in the STO gap have the orbital character of both Ti and
O. We note that the evanescent states in the gap change their character from the valence-like to
the conduction-like as a function of the Fermi level position in the gap. Therefore, since the
Fermi level is pinned at the branch point of the complex band, which is the charge neutrality
level, the states at the Fermi level have both the conduction (mostly Ti 3d-states) and the valence

(mostly O 2p-states) character as shown in Fig. 5 (b).



To calculate the Schottky barrier of a full Pt monolayer on STO (001), we consider a number of
Pt (001) and Pt(111) monolayer geometries on STO(001). We find the lowest energy structure of
a monolayer Pt(001) configuration is one, in which all the Pt atoms are bound by the surface
oxygen atoms [34], which is consistent with previous calculations [33]. To consider Pt(111) on
STO(001), we use av2a x 2v/2a surface cell (Fig. 6(a)), where a is the STO lattice constant.
After matching Pt(111) to the surface cell, we translate the Pt(111) sheet over the surface and
find the lowest energy structure, which is shown in Fig. 6 (a). We note that there is a small lattice
mismatch between Pt and STO of 0.9% in theory and 0.5% in experiment. So, the Pt(111) sheet
shown in Fig. 6 (a) is slightly strained along the b-direction and it is free to relax in the a-
direction. In addition, the Pt(111) sheet should be free to rotate in principle, but it is not allowed
in our calculations due to the surface cell size and the periodic boundary condition. We argue,
however, that the dominant interaction at the full monolayer Pt coverage would be the Pt-Pt
metallic interaction as discussed for the Pt; trimer structure on STO. Therefore, the Pt(111)
structure that is considered in Fig. 6 (a) would capture the essential feature of the interfacial

electronic structure and charge transfer property through the metal induced gap states in STO.

We first note that the energy of the Pt(111) structure shown in Fig. 6(a) is lower than that of the
lowest Pt(001) structure by 0.43eV per Pt atom. This is consistent with our previous conclusion
that beyond the 3/8ML Pt coverage Pt nano-clusters on STO(001) do not follow the surface (1x1)
symmetry but prefer to form Pt(111) hexagonal structures. We show the layer-by-layer pDOS of
the Pt(111)/STO(001) system in Fig. 6(b). We observe that the monolayer Pt(111) sheet exhibits

a full metallic d-band and it transfers electrons to the evanescent gap states in STO. Additionally,
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the charge transfer rapidly decays within the two unit-cells of STO and the bulk electronic
structure of STO is recovered in the middle of the supercell, which is consistent with the
complex band structure calculations [32]. We calculate the Fermi level is pinned at 1.3eV above
the valence band top, which is the same for the Pt; cluster on STO(001) as shown in Fig. 5(b).
By considering the experimental STO band gap of 3.2eV, we calculate the n-type Schottky
barrier height between the Pt(111) sheet and STO(001) to be 1.9 eV. Our results suggest that the
Fermi level pinning, thus the emergence of the Schottky barrier in the Pt nano-cluster/STO
system is controlled by the evanescent states of the bulk STO and it appears when the Pt-Pt
metallic interaction becomes dominant over the Pt-surface interaction, which is consistent with

the previous experimental observations [19,40].

IV.  DISCUSSIONS AND CONCLUSION

In conclusion, we have theoretically investigated the early stages of the interface and Schottky
barrier formation in sub-monolayer Pt on SrTiO; (001). We found that there is a drastic change
in the binding mechanism of Pt on STO as a function of Pt coverage. At a low coverage below
2/8ML, the dominant interaction is Pt-O chemical bonding interaction while Ti sites repel Pt,
leading to the formation of local Pt(Il) oxide structures on the surface. In the presence of the
local PtO structures, however, the Ti sites are able to bind Pt through a metallic bonding. Upon
increasing the Pt coverage, metallic Pt-Pt interaction becomes dominant and hexagonal Pt(111)
nanocrystals start to form, making the interaction between Pt and the oxide to be neither
directional nor site-specific. We note that our finding is consistent with the experimental results
reported by Christensen et al., who used atomic layer deposition and X-ray absorption
spectroscopy and observed a progression from Pt(I) oxide to metallic Pt as the Pt coverage on

STO(001) is increased [40]. Additionally, our results indicated that at a low coverage of Pt on
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STO(001), the local PtO structures can provide kinetic barriers, which may play a role to hinder
the complete coalescence of Pt nanostructure and help retain high surface-to-volume ratio [39].
This high surface-to-volume ratio should be advantageous for low-coverage Pt on STO to be

used as an efficient photo-catalyst.

We show that the formation of the Schottky barrier is a continuous process [19-22]. We found
that interface-induced gap states pinning the Fermi level start to appear in the STO band gap
even at sub-monolayer Pt coverage and the emergence of the gap states is directly associated
with the change in the dominant interaction on the surface. We also show that at a coverage
below 3/8ML of Pt, the dominant Pt-O chemical bonding, which drives the formation of local
Pt(IT) oxide structure controls the Fermi level position. However, above the critical coverage of
3/8ML, the interface starts to develop interface-induced gap states as Pt-Pt metallic interaction
starts to dominate and Pt prefers to develop (111) hexagonal nanocrystals. The cluster-induced
gap states pin the Fermi level 1.3 eV above the STO valence band top. We also show that the
Fermi level of a full metallic Pt(111) monolayer is pinned at the same energy by the same
evanescent metal-induced gap states (MIGS). Based on the MIGS theory, the STO pinning factor
S is 0.28 using the dielectric constant of STO [24], suggesting a moderate Fermi level pinning at
metal/STO interfaces. Therefore, our result suggests that the pinning level of 1.3 eV at the
Pt/STO(001) interface is close to the charge neutrality level of STO, which is consistent with the

estimate of Demkov et al. [32].

We calculate the n-type Schottky barrier of the Pt/STO(001) interface to be 1.9 eV by subtracting

the p-type Schottky barrier of 1.3 eV from the experimental band gap of STO, which is 3.2 eV.
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We use the experimental band gap as the theoretical value is only 1.7 eV, due to the well-known
band gap underestimation inherent to (semi-)local exchange-correlation functionals such as LDA
or GGA [52]. The application of higher-level theories such as GW many-body perturbation
theory [53] or properly tuned Hartree-Fock hybrid functional theory [54] to Pt/dielectric oxide
systems [55] may result in improved prediction of the n-type Schottky barrier heights of these
and related heterogeneous photo-catalytic systems. We also emphasize the importance of an
explicit interface calculation as the detailed structure of the interface controls the charge transfer,

thus the charge neutrality level and the pinning strength in the MIGS theory.

We also note that there are unresolved issues about the Schottky barrier formation at the
Pt/STO(001) interface, which we left for future study. For example, we calculated the p-type
Schottky barrier height of the meta-stable Pt(001) overlayer on STO(001) to be 1.8 eV and this is
in a good agreement with the previous results of Mrovec et al. [23]. Experimentally, Schafranek
and co-workers [19] measured the n-type Schottky barrier heights for the SrTiO3:Nb/Pt interface
to be 1.5 eV and 0.6 eV for the oxidized and reduced interface, respectively, which are converted
to 1.7 eV and 2.6 eV p-type Schottky barrier heights by using the 3.2 eV band gap of STO. It
seems that the experimental value of 1.7 eV for the oxidized interface is in a good agreement
with the theoretical result of 1.8 eV that is obtained from the meta-stable epitaxial Pt(001)
overlayer on STO(001). We note, however, that this does not necessarily mean that the Pt(001)
overlayer is the structure observed in experiment, but the situation could be more complex [19],

which we will further investigate in the future.
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FIGURE CAPTIONS

Figure 1. (Color online) (a) Potential energy surface (PES) for a Pt ad-atom on the 2ax2a STO
surface, where a is the STO lattice constant. The lowest energy is set to 0 eV. The spatial
resolution is 0.48 A. (b) The lowest energy structure for the 1/8 ML coverage of Pt on STO (001).
(c) Projected density of states of the PtTi4Og surface layer shown in (b). The Fermi energy (EF) is

shown as a dashed vertical line.

Fig. 2. (Color online) The orbital-projected Pt density of states (a) and density plots of bonding
and anti-bonding states between Pt 54 and O 2p orbitals (b) of the PtTi4Og surface shown in Fig.
1.

Figure 3. (Color online) The potential energy surface (PES) for Pt on the PTO surface (see Fig.
1 (b)). The size of the PES plot is 4ax4a, where a is the STO lattice constant A schematic of the

surface structure is drawn under the PES. The spatial resolution for the PES calculation is 0.96A.
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Saturation level for the plot is set to 1.0 eV, above which the PES is not shown (plateau areas

around the Pt sites).

Figure 4. (Color online) Low energy surface structures for 3/8 ML coverage of Pt on STO (001).
Pt dimer on the reconstructed PTO surface (a) and Pt trimer on the TiO, surface (b). The STO
structure below the surface TiO; layer is not shown for clarity. The surface unit cell is indicated

by dashed line. The upper (lower) picture is a top (side) view.

Figure 5. (Color online) Atom-projected density of states of Pt dimer on the PTO surface (a) and
Pt trimer on the TiO; surface (b). The upper panels are for adsorbed Pt dimer (a) or trimer (a) and

the surface electronic structures are shown in the lower panels. The Fermi energy is set to 0 eV.

Figure 6. (Color online) (a) Schematic of a full monolayer of Pt(111) on the TiO,-terminated
STO(001) surface viewed from the top (up) and the side (bottom). The top TiO, layer and the
Pt(111) sheet are only visible in the top view for clarity. (b) The layer-by-layer projected density
of states of the Pt(111)/STO(001) structure. The Fermi level is pinned at 1.3 eV above the
valence band top of the bulk STO.
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